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Abstract. We argue that the presence of diffuse synchrotron emission forming the so-called radio mini-halos in
some cooling flow clusters can be explained by reacceleration of relativistic electrons, the necessary energetics
being supplied by the cooling flows themselves. In particular, the reacceleration due to MHD turbulence has the
correct radial dependence on the parameters to naturally balance the radiative losses. As an application we show
that the main properties of the radio mini-halo in the Perseus cluster (brightness profile, total radio spectrum and
radial spectral steepening) can be accounted for by the synchrotron radiation from relic relativistic electrons in the
cluster, which are efficiently reaccelerated by MHD turbulence via Fermi–like processes due to the compression
of the cluster magnetic field in the cooling flow region. Since the presence of an observable radio mini-halo in
a cooling flow region critically depends on the combination of several physical parameters, we suggest that the
rarity of radio mini-halos found in cooling flow clusters is due to the fact that the physical conditions of the ICM
are intermediate between those which lead to the formation of extended radio halos and those holding in cooling
flows without radio halos. The basic results of our model remain unchanged even if the cooling flow is stopped
somewhere in the innermost region of the cluster.
Key words. acceleration of particles – radiation mechanisms: non-thermal – cooling flows – galaxies: clusters:
general – galaxies: clusters: individual: Perseus (A426)
1. Introduction
The intracluster medium (ICM) consists of a hot gas emit-
ting thermal X–ray, of large scale magnetic fields and
of relativistic plasma. It is well known that due to syn-
chrotron and inverse Compton (IC) losses, the typical age-
ing time–scale of the relativistic electrons in the ICM is
relatively short (107÷108 yr) so that the electrons should
already have lost most of their energy. Nevertheless, dif-
fuse synchrotron emission from clusters of galaxies has
been detected by radio observations in a number of cases
(e.g. Feretti 2000). Thus one can suppose that relativis-
tic electrons may be reaccelerated by some mechanisms
acting with an efficiency comparable to the energy loss
processes (e.g. Petrosian 2001 and references therein) or,
alternatively, one should turn to secondary electrons mod-
els (Dennison 1980, Blasi & Colafrancesco 1999, Dolag &
Enßlin 2000).
Large–scale radio halos in clusters of galaxies appear as
diffuse radio sources of low surface brightness, steep ra-
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dio spectrum and typical Mpc–size, not directly associ-
ated with the galaxies but rather diffused into the ICM at
the center of the clusters (Feretti & Giovannini 1996 and
references therein). Liang et al. (2000) have shown the
presence of a correlation between radio power and cluster
temperature for radio halos with good radio and X–ray
data available. This correlation, together with the mor-
phological similarity of thermal X–rays and radio emission
(Govoni et al. 2001), suggests a physical relationship be-
tween the properties of thermal ICM and the presence of
radio halos. It is also well known that there exists an anti–
correlation between the presence of a cooling flow and of
a radio halo at the cluster center: radio halos are rarely
found in clusters of galaxies with cooling flow and, when
they are, they appear quite different from canonical halos
such as that in the Coma cluster (Tribble 1993). However,
there are a few cooling flow clusters where the relativis-
tic particles can be traced out quite far, forming what is
called a “mini–halo”: a radio source smaller in extent, of
low surface brightness and steep spectral index, around a
powerful radiogalaxy at the center of a cluster (e.g. Virgo:
Owen et al. 2000; Perseus: Burns et al. 1992; PKS 0745 -
191: Baum & O’Dea 1991).
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On the basis of the above considerations, it is clear that
the persistent diffuse radio emission, and hence the need
for reacceleration of the relativistic plasma, may be found
in the interaction between the thermal and the relativistic
component in the ICM. Indeed, Brunetti et al. (2001) have
proposed that the relativistic electrons injected in the clus-
ter volume by AGN and/or galactic winds in the course of
the cluster evolution may form a relic electron population
and that an extended radio halo is originated if the relic,
but still relativistic, electrons are reaccelerated to higher
energies by shocks and/or turbulence in the ICM. In this
model, as suggested by observations, the merger events
may supply the necessary energy for the reacceleration.
In this paper we argue that a similar model holds for the
relativistic electrons in the mini–halos too, and that the
necessary energetics is supplied by the cooling flows, as
suggested by Tribble (1993) and Sijbring (1993). Unlike
the case of the extended radio halos, the energy can not
arise from the merger events, since observations in gen-
eral show no mergers acting in clusters with cooling flows
(Edge et al. 1992).
The main aim of the present work is to investigate whether
the reacceleration of relic electrons and the increased in-
tensity of the cluster magnetic field due to the compres-
sion in the turbulent cooling flow can produce radio mini–
halos. The model expectations are then compared with
the observational properties of the radio emission from the
mini–halo in the Perseus cluster, where a massive cooling
flow is present (Ettori et al. 1998).
In Section 2 we consider the effect of a cooling flow on
the intracluster magnetic field and calculate the electron
energy distribution subject to reacceleration and losses.
In Section 3 we present the results concerning the radio
properties of the radio mini–halo in the Perseus cluster.
Our conclusions are given in Section 4.
H0 = 50 km s
−1 Mpc−1 is assumed in this paper and,
where not specified, all the formulae are in cgs system.
2. The models for electron reacceleration
2.1. Magnetic fields and relativistic electrons in
cooling flows
X-ray and optical observations indicate that large
amounts of gas are cooling and flowing into the centers of
clusters of galaxies; the observations and theory of “cool-
ing flows” are reviewed in Fabian (1994). For thermal
bremsstrahlung models, the decrease of the temperature
with the distance r from the center is T (r) ∝ r1.2, whereas
the gas density increases towards the center with the same
behaviour (Fabian et al. 1984). The compression of the gas
is expected to produce a sensible increase of the strength
of the frozen–in intracluster magnetic field. Depending on
the physical conditions prevailing in a cooling flow, in par-
ticular on the values of the turbulent velocity vT and of
the mean inflow velocity vF , there are two possibilities:
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Fig. 1. The calculated field growth in the cooling flow
region for Soker & Sarazin’s model (radial field, dashed
line) and Tribble’s model (isotropic field, solid line). We
have assumed rc = 210 kpc and Bc = 1µG.
– if vT ≪ vF , the inward cooling flow is homogeneous
and the turbulence does not distort the field geometry
during the infall. In this case we can follow Soker &
Sarazin’s model (1990). They have presented numeri-
cal solutions showing that the frozen–in magnetic field
is greatly increased by the compression of the ICM
and its lines become predominantly radial as the gas
flows inward. Under the assumption that the field is
not dynamically important, one has that
B(x) =
Bc√
3
x−2
(
1 + 2x
18
5
) 1
2 ∼ x−2 (1)
where rc is the cooling radius, x = r/rc is the adi-
mensional distance from the center and Bc is the field
strength at rc.
– if vT ≫ vF , as pointed out by Tribble (1993), an indi-
vidual element of gas in the flow is in constant motion
relative to the mean flow and its mean position falls
slowly inwards. The overall effect is an isotropic com-
pression of the field. In this case the variation of the
field with the gas density n within the central cooling
region is B ∝ n 23 , so that being n(x) ∝ x−1.2, it results
B(x) = Bc x
−0.8 (2)
The resulting intensity profile of the magnetic field in these
two different cases is plotted in Fig. 1. In both cases the
field strength grows towards the center, but with quite
different behaviours. In Soker & Sarazin’s model the field
strength grows faster than in Tribble’s one and in the
central region the field reaches values which are at least
one order of magnitude larger than those reached by the
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isotropic compression. It should be mentioned that intense
fields of the order of some tens of µG have been derived
by detections of extremely high Faraday rotation mea-
sures throughout radio galaxies in the center of cooling
flow clusters (Taylor & Perley 1993; Ge & Owen 1993;
Taylor et. al. 1990; Perley & Taylor 1991). This has im-
portant consequences on the evolution of the relativistic
electron energy and spectrum. Indeed, the radiative life–
time of an ensemble of relativistic electrons losing energy
by synchrotron emission and IC scattering off the cosmic
microwave background photons (CMB) is given by
τsin+IC =
16.2[
B2⊥ +
2
3
B2CMB
]
γ
yr (3)
where γ is the Lorentz factor and BCMB = 3.18(1+z)
2 µG
denotes the magnitude of the magnetic field equivalent to
the CMB from the standpoint of the losses. Without any
reacceleration mechanism at work, the emission of these
electrons in the radio band should not be observable for
more than ∼ 108 yr. This short lifetime contrasts with
the diffuse radio emission observed, for example, in the
Perseus cluster: whatever the model for the origin and
presence of the relativistic electrons in the mini–halo re-
gion is, this characteristic lifetime is both shorter than the
crossing time (both assuming the Alfve´n velocity or the
diffusion coefficient as in Sarazin 2001), and shorter than
the cooling time (if one assumes that the radio–emitting
region is filled with electrons carried by the cooling flow).
Hence, it seems plausible that the electrons have been
reaccelerated.
A reaccelerated relic electron population in cluster radio
halos would naturally produce radio synchrotron spectra
which steepen with increasing distance from the center
(as observed in the Coma radio halo), whereas it can not
be produced in the case of models involving a secondary
electron population (Brunetti et al. 2001). Here we stress
that the radio spectral index map of the mini–halo in the
Perseus cluster shows a progressive steepening of the spec-
tral index with increasing distance (Sijbring 1993), thus
providing an additional indication for the presence of an
effective mechanism for electron reacceleration operating
in the ICM in the cooling flow region.
2.2. Evolution of electron energy spectrum into the
cooling flow
In our model we assume that the relativistic electrons
are continuosly reaccelerated by Fermi type mechanisms.
Given an initial monoenergetic electron distribution, the
electrons are systematically accelerated with an efficiency
α2 and, at the same time, their energy is stocastically
changed with an efficiency α1. These two combined effects
result in a relatively wide distribution of the energy of the
electrons around a mean value determined by systematic
processes. In particular, it is well known that MHD tur-
bulence can efficiently accelerate electrons via Fermi–like
processes. In order to allow relativistic electrons to still be
emitting in the radio band, the reacceleration mechanism
has to act with an efficiency comparable to the energy loss
processes. Due to the competition of these two effects, at
any distance x the time evolution of the energy of a rela-
tivistic electron is given by:
dγ(x)
dt
= −β(x)γ2(x) + α2(x)γ(x) − χ(x) (4)
where β(x) is the coefficient of synchrotron and IC losses,
α2(x) the acceleration coefficient and χ(x) the Coulomb
losses term. The Coulomb losses depend on the ICM den-
sity as (e.g Sarazin 1999):
χ(x)∼1.4× 10−12n(x) s−1 (5)
where n(x) = nc x
−1.2, nc being the electron density at
the cooling radius.
The coefficient of the radiative losses is:
β(ϑ, x) = 1.9× 10−9
[
B2(x) sin2 ϑ+
2
3
B2CMB
]
s−1 (6)
where ϑ is the pitch angle and where we have neglected the
dependence on the redshift, not important in our model.
If the pitch angle scattering is an efficient process, then
the electrons will be continuosly isotropized and the term
B2(x) sin2 ϑ should be replaced by 2/3B2(x), where B(x)
is obtained from Eq. 1 or 2.
According to the usual Fermi acceleration theory (e.g.
Melrose 1980), it is α2 = 2α1 and the coefficient of system-
atic Fermi acceleration due to MHD turbulence is given
by:
α2(x) ∼
v2A(x)
l(x) c
(
δB(x)
B(x)
)2
(7)
where vA(x) ∼ 2.2 × 1011 n−0.5c x0.6 B(x) cm s−1, and
l(x) is the characteristic distance between two subsequent
peaks of magnetohydrodynamic turbulence.
We assume the existence of an energetic turbulence such
that δB(x)/B(x) ∼ 1 constant through the whole cool-
ing flow region. Since the characteristic time of radia-
tive losses depend on γ, while that of Fermi accelera-
tion is independent of γ, the losses dominate the time
evolution of the electrons for energies higher than γb,
the break energy. It is worth noticing that MHD turbu-
lence can efficiently accelerate electrons via Fermi–like
processes when their velocity parallel to the magnetic field
is v‖ > (mp/(meµ))1/2 × vA, where v‖ = vµ (Eilek &
Hughes 1991; Hamilton & Petrosian 1992). The fact that
in our model we deal with a seed population of relativistic
electrons guarantees the efficiency of this process. Under
the simple assumption that the total number of turbulent
elements is conserved during the infall, l(x) is roughly pro-
portional to n(x)−
1
3 , so that l(x) = lc x
0.4, lc denoting the
characteristic length at the cooling radius. The underly-
ing assumption is that the turbulence does not decay on
a time scale shorter than the acceleration time scale.
By solving Eq. 4 at any time t, one can calculate the break
energy γb(t), corresponding to the energy at the time t of
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the electrons having a near infinite energy at the initial
time t = 0. By omitting for simplicity of notation the de-
pendence on the distance from the cluster center, it results
(Brunetti et al. 2001):
γb(t) =
1
2β

α2 +
√
α22 − 4βχ
tanh
(
t
2
√
α22 − 4βχ
)

 (8)
The break energy of the stationary spectrum, which cor-
responds to the energy at which the losses are balanced
by the reacceleration, is obtained by evaluating Eq. 8 in
the limit t→∞:
γb =
1
2β
(
α2 +
√
α22 − 4βχ
)
(9)
Because of the distance dependence of the coefficients, the
break energy in the electron spectrum is not the same
throughout the whole cooling flow region, but it (weakly)
depends on the radial distance.
The time evolution of the electron energy distribution is
obtained by solving the continuity equation (Kardashev
1962) taking into account the acceleration by the Fermi
mechanism and the losses.
Since the acceleration time scale (Eq. 7)
τacc = α
−1
2 ∼ 6× 107 l(pc)
( n
10−3
)
B−2(µG) yr (10)
is much shorter (e.g. τacc ∼ 8 × 108 yr for the values of
parameters obtained for the Perseus cluster at the cool-
ing radius, Section 3) than the time it takes for a volume
element to be convected by the flow from rc into the cen-
ter, we can solve the continuity equation under stationary
conditions, obtaining (for γ ≫ 1)
N(γ) = N(γb) exp(−Φ) ·
(
γ
γb
)2
exp
[
f
(
γ
γb
)]
(11)
where N(γb) is the number of electrons at γb,
Φ = 2− 4
1+
χ
βγb
2
and
f
(
γ
γb
)
=
2χ
γb2
− 2β
(
γ
γb
)2
(
β + χγb2
)(
γ
γb
) (12)
Since in our case it is χ/(βγ2b ) ≪ 1 and χ/(βγ2b ) ≪
(γ/γb)
2, Eq. 11 can be approximated as N(γ) ∝
(γ/γb)
2
exp (−2γ/γb), in agreement with the result of
Borovsky and Eilek’s (1986), that indeed have not con-
sidered the Coulomb losses.
Note that the spectral distribution of the electrons N(γ)
(Eq. 11) depends on γ/γb only, while the values of the
coefficients simply produce a “normalisation” of the spec-
trum which depends on the radial distance.
In principle, in order to correctly derive the energy density
of the relativistic electrons as a function of x one should
solve the spatial diffusion equation for the relativistic elec-
trons starting from some initial distribution of the number
density and spectrum of the electrons which, however, are
basically unknown. As a consequence, in this paper we
prefer to parameterize the electron energy density, essen-
tially peaked at γ ∼ γb, as:
mec
2
∫ ∞
1
N(γ)γdγ ≈ mec2N(γb)γb2 ∝ x−s (13)
where s is a free parameter which will be constrained and
discussed in Section 3.
2.3. The synchrotron spectrum
The synchrotron emissivity of a population of relativis-
tic electrons with energy distribution per unit solid angle
N(γ,Ω) is given by:
Jν =
∫
Ω
∫ ∞
1
p(ν, ϑ)N(γ,Ω)dγdΩ (14)
where p(ν, θ) =
√
3e3B sinϑ
mec2
F
(
ν
νc
)
is the emitted power per
unit frequency and per unit solid angle from each electron,
F
(
ν
νc
)
being the Kernel function and νc =
3
4pi
eB sinϑ
mec
γ2
the critical frequency (Ginzburg & Syrovatskii 1965).
Under the assumption of an isotropic distribution of elec-
tron momenta and of the magnetic field lines we can as-
sume the synchrotron emissivity to be isotropic, if aver-
aged over a sufficiently large volume.
With the energy distribution of the relativistic electrons
given by Eq. 11, the synchrotron emissivity per unit solid
angle is:
Jν(x) = K(x) ·
∫ pi
2
0
∫ ∞
1
sin2 ϑ · F
(
ν
νb
γb
2
γ2 sinϑ
)
· γ2 ·
· exp
[
f
(
γ
γb
)]
dϑdγ (15)
where
K(x) =
√
3e3
mec2
· B(x) ·N(γb)c
γb,c
2
γb4
· exp(−Φ) · x−s (16)
νb being the critical frequency for γ = γb (ϑ = 90
◦). The
shape of the synchrotron spectrum is plotted in Fig. 2:
at low frequencies the synchrotron spectrum is approxi-
mately proportional to ν−1/3, as in the case of the emis-
sion by a single electron, it becomes roughly flat just below
the break frequency (contributed by the electrons at the
break energy γb) and then it falls down exponentially.
3. Model results for the Perseus cluster
The Perseus cluster (Abell426), at a redshift z = 0.0183,
is one of the brightest clusters in the sky in X–ray band
and hosts the nearest large cooling flow. X–ray depro-
jection analysis of ROSAT PSPC surface brightness pro-
files indicates that the mass deposition rate is about 500
M⊙ yr−1 and the cooling radius is about 210 kpc (Ettori
et al. 1998); with these values of M˙ and rc, one estimates
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Fig. 2. The predicted synchrotron spectrum is shown in
arbitrary units.
nc ∼ 1.2×10−3 cm−3. The dominant galaxy in the cluster
core is the active galaxy NGC 1275. The associated radio
source (Perseus A or 3C 84) is one of the brightest radio
sources (the total flux density at 327 MHz is 40.66 Jy),
with a complex structure and a mini–halo whose exten-
sion (∼ 15′) is comparable with that of the cooling flow
region. The radio mini–halo has a steep spectrum with
spectral index α = 1.4 (between 327 MHz and 609 MHz,
Fν ∝ ν−α) and its total flux is 17.57 Jy at 327 MHz; in
addition there is evidence for a spectral steepening in the
outer regions (Sijbring 1993).
Because of the simultaneous presence of the radio mini–
halo and of the cooling flow, we can apply to the Perseus
cluster the model for electron reacceleration presented in
the previous Section. For comparison with the model ex-
pectations we have considered the 92 cm (327 MHz) radio
image shown in Fig. 3. In this map the bright radio core
of 3C 84 can be very well approximated by a point–like
source and we have estimated that the diffuse mini–halo
emission is affected by this intense central emission only
within ∼ 1′ from the cluster center, in agreement with
ROSAT and Chandra imaging which show an interaction
between the radio lobes of 3C 84 and the ICM only on this
scale (Bo¨ringer et al. 1993; Fabian et al. 2000). For this
reason, our model should be applicable for r >∼30 kpc.
Fig. 3 shows that the diffuse mini–halo is rather asym-
metric so that, because of the spherical symmetry assumed
in our model, in order to compare the expected and ob-
served radio emission we have considered a particular di-
rection across the apparently more regular region deprived
of field radio sources. However, it is worth noticing that a
strong morphological correlation has been shown to hold
between the cooling flow X-ray map and the radio mini–
halo (Ettori et al. 1998; Sijbring 1993). This means that
our choice of a specific direction does not appear as an
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Fig. 3. 92 cm map of 3C 84 at a resolution of 51′′ × 77′′
(Sijbring 1993). The contour levels are -4 (dashed), 4,
8, 12, 16, 20, 40, 60, 80, 100, 200, 400, 600, 800, 1500,
2500, 4000, 8000, 16000 mJy/beam. The r.m.s. noise is 1.4
mJy/beam. The cross indicates the position of NGC1275
and the solid line represents the direction we have consid-
ered.
effective restriction to the conclusions we are led to by the
application of our spherically symmmetric model to such
an asymmetric object. On the contrary, our results could
reasonably be applied to any other direction, once the cor-
rect values for the physical parameters of the cooling flow
in that particular direction are taken into account (Ettori
et al. 1998). Moreover, this strong morphological correla-
tion can be taken as a hint to the influence of the cooling
flow over the relativistic plasma behaviour, hence support-
ing the idea of the electron reaccleration being powered by
the cooling flow itself.
In order to compare the model with the observations, the
observational constraints are:
brightness profile: we have calculated the surface bright-
ness profile expected by our model by integrating the syn-
chrotron emissivity (Eq. 15) along the line of sight;
total spectrum: the total synchrotron spectrum is obtained
by integrating the synchrotron emissivity over the cluster
volume taking into account the x–dependence of the pa-
rameters involved in the calculation;
radial spectral steepening: at each distance x we obtain
from Eq. 15 the synchrotron emissivity as a function of
the frequency measured in terms of the break frequency
and then compute the spectral index between 327 MHz
and 609 MHz.
We have separately considered the two cases of field com-
pression previously discussed (see Sec. 2.1).
The free parameters of our model are the energy density
distribution of the relativistic electrons, i.e. the parame-
ter s of Eq. 13, and the values at the cooling radius of
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the magnetic field intensity, Bc, and of the characteristic
distance between two subsequent peaks of magnetohydro-
dynamic turbulence, lc. In order to investigate the range
of parameters required by the model to match the ob-
servations, the calculation has been performed as follows:
for each case of field compression we have fixed s and we
have allowed the other two parameters Bc and lc to vary;
then, for a given set of parameters, we have calculated the
brightness profile, the total spectrum and the radial spec-
tral steepening and compared them with the observations.
Tribble’s case of isotropic compression of the field appears
to be very promising. The best results are obtained for 1.5
<∼ s <∼2.5. The parameter space which well reproduces the
surface brightness profile and the total synchrotron spec-
trum is in good agreement with that producing an ac-
ceptable radial spectral steepening. In particular, at the
90% confidence level the values of the parameters are:
s = 2 ± 0.25, Bc ∼ 0.9 ÷ 1.2µG, lc ∼ 15 ÷ 25 pc, lc in-
creasing with increasing the strength of the magnetic field
Bc. For these parameters, from Eq. 9, one obtains that
the break energy at the cooling radius is γb ≃ 1500. For
one set of the parameters which best reproduces all the
observational contraints we show in Fig. 4, 5 and 6 the
fits to the surface brightness profile, total spectrum and
radial spectral steepening.
For 0 <∼ s <∼1.5 the space of the parameters reproducing
the surface brightness profile is partially consistent with
that producing an acceptable total synchrotron spectrum,
but the derived spectral steepening is too strong. It is
worth noticing that for s approaching 0 the parameter
limits obtained for the surface brightness profile and total
synchrotron spectrum are not compatible, and, therefore,
a constant relativistic energy density inside the cooling
flow does not appear to agree with the observations. This
means that the radial distribution of the number density
of the electrons before reacceleration may not be constant.
For s <∼0 and s >∼2.5 all the observational constraints can
not be reproduced by the same set of parameters.
On the other hand, our model results, assuming Soker &
Sarazin’s case of radial field, are not compatible with the
observations. In fact, we can not reproduce the spectral
steepening for the same values of the parameters which
produce the observed radio surface brightness profile and
total synchrotron spectrum (Fig. 6). The rapid decrease
of the magnetic field towards the outer regions in Soker &
Sarazin’s case selects the relativistic electrons emitting be-
tween 327-609 MHz at progressively higher energies, caus-
ing a too rapid steepening of the synchrotron spectrum.
4. Discussion and Conclusions
We have shown that the main properties of the radio mini–
halo in the Perseus cluster can be accounted for by the
synchrotron radiation from relic relativistic electrons in
the cluster, which are efficiently reaccelerated by MHD
Fermi type mechanisms due to the compression of the
cluster magnetic field in the cooling flow region (see Sec.
3). Under the assumption of an efficient MHD turbulence
50 100 150 200 250
-2
-1
0
1
projected radius (kpc)
Fig. 4. Fit to the surface brightness profile obtained in
the case of isotropic field with the following set of param-
eters: Bc = 1.2µG, lc = 25 pc, s = 2.1. Vertical errorbars
represent the deviations from the spherical symmetry of
the diffuse radio emission in other directions in the cluster
with respect to the one we have considered.
7 8 9 10
-2
-1
0
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2
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1395 MHz   
Fig. 5. Solid line: fit to the total spectrum obtained with
the same set of parameters of Fig. 4. The radio data are
taken from Sijbring (1993).
with δB/B ∼ 1 and spherical symmetry, our model has
only 3 free parameters, namely the magnetic field inten-
sity Bc and the turbulence scale lc at the cooling radius
and the radial dependence of the relativistic electron en-
ergy density (parameterized as a power law of exponent
−s). One important conclusion we have reached is that,
in our model, an isotropic field compression appears to
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Soker & Sarazin
Tribble
Fig. 6. Solid line: fit to the spectral steepening obtained
with the same set of parameters of Fig. 4. The data are
taken from spectral index distribution map of Sijbring
(1993). Dashed line: predicted spectral steepening in the
case of radial field, for the values of parameters which
match the observed brightness profile and total spectrum.
well reproduce the observed surface brightness profile and
total synchrotron spectrum along with the radial spectral
steepening. The values of the parameters derived by fit-
ting all the observational constraints are: s = 2 ± 0.25,
Bc ∼ 0.9 ÷ 1.2µG, lc ∼ 15 ÷ 25 pc, lc increasing with in-
creasing the strength of the magnetic field.
The fact that we can fit the spectral steepening for the
same values of the parameters which provide a radio sur-
face brightness profile and a total synchrotron spectrum
in agreement with the observations (see Fig. 6) demon-
strates the internal consistency of the model.
On the other hand, Soker & Sarazin’s arguments leading
to a prevailing radial field in the cooling flow do not appear
applicable to the mini–halo in the Perseus cluster, as it is
not possible to reproduce the radial spectral steepening
for the same set of parameters reproducing the brightness
profile and total radio spectrum.
Our results showing the goodness of Tribble’s model in
reproducing all the observational constraints are consis-
tent with the physical conditions prevailing in the cooling
flow region of the Perseus cluster: the turbulent velocity
(vT = vA ∼ 60 km s−1 at the cooling radius) is greater
than the mean inflow velocity (vF ∼ 20 km s−1 at the
cooling radius), and so we expect an isotropic compression
of the field (see Sec 2.1). Evidence in favour of Tribble’s
model in a number of cooling flows is also provided by
Faraday rotation measurements (Taylor & Perley 1993;
Ge & Owen 1993; Taylor et. al. 1990; Perley & Taylor
1991).
The range of values obtained for Bc is consistent with the
measurements of magnetic fields diffused in the ICM (see
Carilli & Taylor 2002 and references therein).
The energetics associated with the reaccelerated electron
population in the cooling flow region,∼ 1059 erg, is smaller
but not far from that required by detailed modeling for the
electrons in the Coma radio halo (∼ 5 × 1059 erg, case c
with f = 0.02 in Brunetti et al. 2001). The number of
relativistic electrons in the cooling flow region is ∼ 1062.
This is comparable to the number of the electrons in a
typical radiogalaxy and may suggest an important role of
the AGNs (and possibly of the central AGN) in the injec-
ton of the electron relic population.
Concerning the characteristic turbulence distance scale, a
possible check for our model is whether or not the obtained
values of lc could be expected by some physical considera-
tions on the turbulence in the ICM. In particular, assum-
ing that the energy spectrum of Alfve´n waves is a power
law of the frequency ω, (∝ ω−ν , ν > 1, Lacombe 1977),
we examine the possible value of the minimum frequency
ωmin, i.e. the wavelength L = 2pivA/ωmin = 2pi/kmin
which carries most of the turbulent energy. Tsytovich
(1972) suggests that the minimum frequency of an Alfve´n
wave spectrum is the collisional frequency of thermal pro-
tons, so that kmin ∼ kpp ≡ 2piνpp/vA, where νpp =
3np/T
3/2
p . For typical values of np and Tp in clusters of
galaxies (np ∼ 10−3 cm−3, Tp ∼ 107 ÷ 108 K), we obtain
L ∼ 2× 101÷2 pc, consistent with the value of lc obtained
by our model.
In the framework of our model, the possibility of giving
rise to an observable radio mini–halo in a cooling flow re-
gion is related to several physical parameters. We have
found that the electron spectrum near the cooling radius
has a break energy which, for the values of parameters
derived by fitting all the observational constraints, is ap-
proximately γb ∼ 1500. This value corresponds to the
break energy of the relativistic electrons outside the cool-
ing flow region, where no significant diffuse radio emission
is detected. As the typical life–time of γ ∼ 1500 electrons
is ∼ 1.6 × 109 yr, much less than the Hubble time, to
balance the radiative losses of these electrons large–scale
turbulence in the cluster volume is required. This scenario
is similar to that of the classical cluster radio halos where,
however, as the average magnetic field strength is consid-
erably smaller than that in the cooling flow, higher energy
electrons (γb ∼ 104) are required to emit in the radio band
so that the turbulence efficiency would have to be corre-
spondingly greater. In addition, in Perseus the turbulence
can not be too high in order to avoid the disruption of
the cooling flow. Based on these considerations, we sug-
gest that the physical conditions of the ICM in a cooling
flow cluster, which also shows a radio mini–halo, are in-
termediate between those which lead to the formation of
“standard” extended cluster radio halos and those hold-
ing in cooling flows without radio halos. This could ex-
plain — at least qualitatively — the rarity of radio mini–
halos found in cooling flow clusters. The energetics of the
turbulence plays the main part in discriminating between
these two opposite situations. A turbulence with a high
8 Gitti et al.: Interaction between ICM and relativistic plasma in cooling flows
enough energy density will be efficient at reaccelerating
the relativistic electrons: depending on the length scale
of the turbulence, these electrons can produce a diffuse
synchrotron emission either in the form of extended radio
halo or radio mini–halo. On the other hand, if the energy
density of the turbulence is too low, there will be no effi-
cient reacceleration of the electrons and consequently no
formation of diffuse radio emission, independently of the
turbulence scale. Here we stress that the Perseus cluster
may represent a borderline case: in fact there is evidence
for a relatively recent merger event (Schwarz et al. 1992;
Sijbring 1993; Dupke & Bregman 2001), which may have
left a fossil turbulence still quite energetic, with a typical
scale just above the limit for activating a radio halo, but
not so irrelevant to produce no reacceleration at all.
As a further step, we can set a quantitative constraint on
the large–scale turbulence imposing that the reaccelera-
tion time scale well outside the cooling radius be more
than 4 ÷ 5 × 108 yr, as derived by models on the forma-
tion of extended radio halos in clusters (Brunetti et al.
2001). If this condition is verified then an extended radio
halo will not be formed. Assuming MHD Alfve´nic accel-
eration, we obtain lc(pc) >∼ 10 B2c (µG)/(nc/10−3), which
represents the lower limit on the large–scale turbulence in
order to avoid the formation of a radio halo. We notice
that the value of the parameters obtained by our model
for the Perseus cluster are relatively close (within a factor
∼ 2) to this limit.
High resolution X–ray studies with XMM–Newton have
recently shown that the soft X–ray spectra of several cool-
ing flow clusters of galaxies are inconsistent with standard
cooling flow models as the gas cools down to about 2–
3 KeV, but not at lower temperatures (Peterson et al.
2001, Kaastra et al. 2001, Tamura et al. 2001, Molendi
& Pizzolato 2001). How to reconcile cooling flow models
with these observations is still a matter of debate (e.g.
Fabian et al. 2001 and references therein), but it should
be stressed that the compression of the thermal plasma
and of the magnetic field within the cooling region is well
ascertained. As a consequence, even if the cooling flow is
somewhere close to the central galaxy stopped, the basic
results of our model remain unchanged: once the turbu-
lence has been energized by the flow, it takes a time of
order of a few Gyr for it to be dissipated. During this
time, turbulence continues to reaccelerate the electrons
and determines the radio properties of the mini–halo.
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